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ABSTRACT

Mixtures of hydrogen isotopes, primarily
deuterium (Dj), protium-deuterium (HD), and
protium (Hy) must be pumped by the vacuum
system in the Mirror Fusion Test Facility at
Lawrence Livermore National Laboratory. In
this study, we used argon as an adsorbent for
cryopumping these isotopes at 4.2 K and found
that deuterium will displace already adsorbed
protium. Thus, when we pump mixtures of the
two, sufficient argon must be supplied to
adsorb both species. We also found that with-
out argon, deuterium will cryotrap protium in
accord with Raoult's law.

INTRODUCT ION

The Mirror Fusion Test Facility (MFIF-B)
under construction at Lawrence Livermore
National Laboratory (LINL) is a mirror fusion
device designed to support experiments bridging
the gap between smaller mirror machines and
future fusion reactor designs. MFTF-B will
operate on a 5-min. cycle consisting of a
plasma shot in the first 30 s of each cycle
followed by a 4.5-min. recovery. The vacuum
requirements during this cycle are severe. The
base pressure required for the V4 x 106-1iter
vessel is less than 2.7 x 10~% Pa with operating
pressures during a plasma shot ranging from
less than 8 x 106 Pa to less than 2 x 10~% Pa
depending upon the particular region of the
vesgsel. The primary pumping is provided by
more than 1000 m? of liquid—helium-cooled
cryopanel at 4.5 K.

Our major concern when cryopumping at 4.5 K
is the evacuation of helium and hydrogen
isotope combinations of Hy and HD (introduced
as an impurity in the deuterium feed gas). An
external vacuum system is provided on MFTF-B
to pump the helium and Hy. Previous MFTF-B

*Work performed under the auspices of the U.S.
Department of Energy by the Lawrence Livermore
National Laboratory under contract number
W-7405-ENG-48.

analyses in Ref. 1 assumed that the isotope
combinations behave as independent species for
cryopumping purposes. The result of this
assumption was that HD would freeze on the

4.5 K cryopanels at an unacceptable base
partial pressure of 2.7 x 1072 Pa.

Argon was proposed as an adsorbent for HD
in Ref. 1. This proposal called for argon
injection underneath the liquid-nitrogen
radiation shield because it was unclear
whether the frost formed by agron injection
through the liquid-nitrogen shield could
provide the desired pumping effect. We needed
to examine these injection methods and
determine the effect of cryopumping
mixed-hydrogen isotopes. References 2 and 3
indicate that, when helium is pumped onto
argon, even small amounts of hydrogen destroy
the sorbant capacity of argon-sorbant films.
We were concerned that deuterium might have
the same effect on the lighter hydrogen
isotopes. Thus, to verify the adequacy of our
MFIF design, we performed the following experi-
ments to measure the pumping capacity of pre-
deposited argon substrates at 4.2 K for mixed
hydrogen isotopes.

EQUIPMENT AND PROCEDURE

We performed experiments using argon as an
adsorbent for mixed hydrogen isotopes on an
existing pumping assembly in the vacuum tech-
nology laboratory at LLNL. A schematic
arrangement of the equipment is shown in
Fig. 1. The system consisted of two chambers
with an approximate volume of 130 liters for
chamber (A) and 1300 liters for chamber (B).
These chambers were connected by a 12-in.-
diameter gate valve (V-1). The LHe cryopump
was located in the smaller of the two
chambers (A).

The pressure in both chambers was measured
with nude Bayard-Alpert ionization gauges,
which were located at room temperature. A
tubulated residual gas analyzer (RGA) was
mounted on chamber (A), but because of its
mount arrangement was not suitable for measure-
ment of partial pressures below u5 x 1076 pa.
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Fig. 1. Schematic arrangement of vacuum
equipment used to perform the experiments.

The RGA was useful, however, for making quali-
tative interpretations during the course of a
run. The ion gauges were checked for cali-
bration by introducing pure protium into the
chamber and reading the cryopump base pressure,
which was 3.1 x 1074 Pa [N7 equiv]. The
theoretical base pressure computed from Eq. (1)
is 2.9 x 1074 pa [Ny equiv].

1/2
auge
P T
. _ VP vapor
PB[N2 equiv] = TG » )
where
Pg (N7 equiv) = pump base pressure,
Pyp = equilibrium vapor
pressure of protium4
at 4.2 K
(8.4 x 1075 pa),
(Tgauge/Tvapor) = thermal-transpiration
correction (293/4.2)1/2,
IG =

ion-gauge correction
factor for hydrogen (2.4).

We considered this difference between the
cryopump base pressure and theoretical base

pressure to be negligible and used the direct
ion~-gauge readings in our results.

We measured flows into the chambers with
commercial mass-flow meters. The flow computed
from the chamber rate of pressure rise ranged
from 3% to 12% greater than those rates
indicated by the mass-flow meters. We used
the mass—flow meter values in our results.

Pumping speed and base pressures for
adsorbing hydrogen on argon were measured as
follows. We closed gate valve (V-1); and,
before adding any gas, we recorded the back-
ground pressure in chamber (A). With valve
(V-2) open to the turbomolecular pump, we
established a stable flow of argon into
chamber (B). An argon sorbent layer was
deposited on the LHe cryopanel by closing valve
(V-2) and opening valve (V-1), therefore,
diverting the established flow to the cryopump.
Then we closed valve (V-1) and rechecked the
background pressure.

To investigate the adsorption of hydrogen
isotopes or mixtures, we established each flow
into chamber (B) in the same manner as above.
Then we diverted the flow from the turbo-
molecular pump to the cryopump as above and
recorded the pressure in chamber (A). We
computed the pumping speed by dividing the
flow by the recorded pressure. Periodically,
we diverted the hydrogen flow back to the
turbomolecular pump; and, after a stabilizing
period of two minutes, we recorded the base
pressure of chamber (A).

RESULTS

Figure 2 shows the chamber base pressure
as a function of the argon-atom to hydrogen-
molecule ratio in the frozen solid. Using the
process described previously, we produced the
curves in Fig. 2 by adding hydrogen to a pre-
deposited argon substrate. The circled values
at the left edge of the plot indicate the
chamber background pressure prior to the
introduction of either argon or hydrogen.
points plotted at the infinity argon-to-
hydrogen ratio indicate the chamber background
pressure after adding argon but before adding
hydrogen. Adding argon had no significant
effect on the chamber background pressure.
Curve (a) resulted from pumping pure protium,
curve (b) from pumping a mixture of 92%
deuterium/8% protium, and curve (c) from
pumping pure protium up to the point marked (:)
then switching to pure deuterium. In general,
the hydrogen contribution to the base pressure
of the chamber did not become significant
until the Ar:Hj ratio had reached 4:1 to 5:1.
The base pressure of the chamber did not grow
by more than 1 x 107 Pa [N; equiv] until the
Ar:Hy ratio of 5:1 was exceeded. Adjusting the
1 x 1077 Pa [Ny equiv] for thermal-
transpiration and ion-gauge correction implies

The
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Fig. 2. Chamber base pressure when cryopumping
hydrogen isotopes at 4.2 K on a predeposited
argon substrate. The curves result from
pumping:

(a) Pure protium-- (:) is the base pressure
computed from the protium vapor
pressure.

(b) 92%Z—deuterium/8%-protium mixture-- <:) is
the base pressure computed from the pure
component vapor pressures’ with Raoult's
law.

(c) Pure protium up to the point marked (:) ,
then switching to pure deuterium.

The circled values near the left edge of the

plot indicate the chamber background pressure

(unknown composition) for each curve before the

addition of either argon or hydrogen. The zero

argon points were established during separate
runs under cryocondensation conditions with no
argon present in the chamber.

that the equilibrium hydrogen vapor pressure
for Ar:Hy ratio of 5:1 is on the order of
3 x 1078 pa.

The base pressure increases rapidly as the
Ar:Hj ratio is first driven below 5:1 by adding
more hydrogen. The curves in Fig. 2 for pure
protium (a) and the protium-deuterium
mixture (c) appear to behave in an identical
manner, implying that deuterium is able to
displace protium from adsorbtion sites. To
verify the above, we made one rum, curve (c)

in Fig. 2, where we first loaded the argon
with pure protium to an Ar:H, ratio of
A3.4:1 (marked with an (:) ). We then
switched from adding pure protium to adding
pure deuterium and found that the base
pressure continued to increase as if we were
adding protium. This observation indicates
that deuterium displaces previously adsorbed
protium on a one for one basis.

The base pressure curves shown in Fig. 2
began to diverge after we added sufficient
hydrogen to drive the Ar:Hs ratio below V3:1.
The zero point (Ar:Hy = 0) base pressures for
the pure protium (a) and the 92%-deuterium/
8%Z-protium mixture (b) were obtained by cryo-
condensing over 1018 molecules/cm? with no
argon present in the chamber. Our findings
show that the mixture used for curve (b) has a
much lower base pressure than does pure
protium. We observed that the base pressure
of the mixture is stable for over 14 hours.

We believe the lower bage pressure of the
mixture is the result of the grotium being
cryotrapped by the deuterium. We know from
Refs. 4, 6, and 7 that the hydrogen isotopes
form completely miscible solutions in the
solid phase at 4.2 K and obey Raoult's law,
which states: '"The equilibrium vapor pressure
above an ideal solution is equal to the sum of
the pure component vapor pressures multiplied
by their respective mole fractions in the
solid phase." Thus, for the 92%-deuterium/
8%Z-protium mixture, we compute the base
pressure as follows:

T auge 1/2
(XgPyp * XpPyp) Tyapor
Pmix = IG » (D)
where

Ppix = [Ny equiv] base pressure for

the mix measured at 293 K,
Pyp = equilibrium vapor pressure® of

deuterium at 4.2 K (5 x 1079 Pa),
Xy = mole fraction of protium (0.08),
Xp = mole fraction of deuterium

(0.92).

Thus, Ppix = 2.3 x 10~3 Pa. This zero-point
base pressure for 92%Z-deuterium/8%-protium mix

is plotted as point in Fig. 2 for comparison.
The point at which a given curve begins to
diverge from the pack can be considered as the
point at which c¢ryo-condensation begins to
contribute to the pumping process.

The three base pressure curves in Fig. 2
were measured with an argon adsorbent layer of
71,3 x 1018 atoms/cmZ, deposited at a rate of
13.6 x 1015 atoms/cm2es. Hydrogen was pumped
on this substrate at a rate of 3.6 x 101
molecules/cmZ*s. We varied these parameters



within the ranges listed below and did not
observe any significant deviations from the
curves in Fig. 2.

Argon thickness: 8.6 x 1017 to

3.8 x 1018 atoms/cm?.
Argon deposition: 1.3 x 1015 o

6.5 x 1015 atom/cm?ss.

1014 ¢o

Hydrogen pumping: 1.9 x
7.6 x 101% atom/cm2+s.

[ Y-}

Table 1 shows the pumping speeds we
measured for the various gases including
protium on an argon adsorbent. The sticking
fraction for protium on & predeposited argon
substrate appears to be very close to the
sticking fraction for pure deuterium in cryo-
condensation because the ratio of their
measured speeds is only slightly less than the
theoretical speed ratio.

Table 1. Maximum pumping speed of the 4.2 K
LHe test panel for the various gases pumped.
Speeds listed are median values with the
maximum data spread. Speeds for the protium
and protium-deuterium mixtures decreased with

increasing base pressure approximately as
(1 - pg/P).2

Pumping speed

(2/s)
Protium on Ar adsorbent 16,875 + 950
92%Z—~deuterium/8%-protium
on Ar adsorbent 13,500 + 300

92%-deuterium/8%-protium

cryocondensing 13,800 + 600
Deuterium 13,200 = 400
Argon 4,300 = 200

2pg = base pressure.
P operating pressure.

CONCLUSTIONS

Our experiments show that deuterium will
cryotrap the lighter hydrogen isotope combi-
nations as predicted by Raoult's law. The HD-
base partial pressure in MFTF-B resulting from
a 0.3% HD contamination in the deuterium feed
gas will be less than 9 x 1078 Pa. Protium
will also be cryotrapped by the deuterium, but
much less effectively because of protium's
higher pure-component vapor pressure. We
expect a protium outgassing rate of
3.4 x 102 Pa /s (Ref. 8) in MFTF-B that is

continuous while deuterium is added as a pulse
with each shot. Thus the deuterium to protium
ratio, which determines the base pressure for
cryotrapping, depends on the shot frequency and
fuel feed rates. A 100%Z duty cycle and fuel
feed of V500 Pa L/s, would be required to
produce an average protium-base partial pres-
sure of V1.3 x 1076 Pa, which still would
exceed the requirements for MFTIF-B. Thus the
protium outgassing load must be pumped either
by the external vacuum system or argon
sorption.

Although the safety factor is small in the
central-cell pressure because of conductive
restriction at the axicell magnets, a separate
analysis’ indicates that the external vacuum
system is adequate to handle the expected
MFTF-B protium gas load. Therefore, argon
sorption will not be required for MFTF-B
unless protium outgassing loads are greater
than expected. If outgassing loads are higher
than expected, additional protium pumping
speed could be provided by injecting argon
into the vacuum vessel rather than injecting
argon under the liquid-nitrogen shielding.
Because deuterium can displace protium from
adsorption sites on the argon, sufficient
argon must be supplied to adsorb all of the
deuterium as well as the protium. To produce
a base partial pressure for protium of less
than 1.3 x 1076 Pa will require a minimum of
four argon atoms for each hydrogen molecule.
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